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SUHHARY

Combustion tests of stoichiometric oxygen-hydrogen-helium mixtures and

oxygen-hydrogen mixtures were made in a small chamber of 1-1/2 inches inside

diameter and i}-i/4 inches inside length. The parss_eters varied were mixing pro-

cedure and mixing time, method of ignition, flame-path length_ mixture composi-

tion_ and initial loading pressure. Tests were also made in a large chom_ber of

6-1/4 inches inside diameter and 40 feet long, but most of the general conclu-

sions reached are based on tests in the small chsmber.

Adequate mixing of the cases was found to be important in determining

whether or not the burning was smooth. The order and rate of introducing the

gases affected the mixing and hence the burning.

Of the four tsq0es of ignitors tried in the small ehsmlber, three were fouild

to be satisfactory. Some of these ignitors promoted detonation when the electri-

cal ener6y for ignition was increased.

Detonation was found to be affected by the flazne-path length in both the

oxygen-hydrogen-helitun mixtures and the oxygen-hydrogen mixtures.

When the helimm cor_tent was varied from 70 to 85 percent, with

stoichiometric proportions of oxygen and hydrogen and with the flame-path length

held constant_ a critical range was found between approximately 75- and

_2-percent helium for which detonation occurred in the small chamber at rela-

tively low initial pressures_ but not at richer or leaner mixtures. °

Increasing the initial pressure, with all other variables held constant,

increased the tendency for detonation to occur withiu the critical range of

approx_nately 75- and S2-percent helium.
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INTRODUCTION

A new test facility being developed at Ames Research Center, the prototype

of a hypervelocity free-flight facility, employs a combustion chamber 40 feet by

6-1/4 inches as a shock-tube driver. This chamber is designed for combustion of

gaseous mixtures of hydrogen and oxygen in helium to produce high-temperature

helium at pressures up to 50,000 psi. The problem is principally obtaining

detonation-free combustion consistently since, even at moderate pressures, detona-

tion could cause considerable damage to equipment and, possibly, injury to person-

nel. The associated properties of combustion, peak burning pressure and burning

time, are of practical interest since they are measures of the performance and

consistency of the combustion process. Although combustion and detonation have

been studied (see refs. i through 12_ among others), little information is avail-

able concerning the burning behavior of combustible gases at elevated initial

pressures. In fact_ from the information available, it seems that it may be dif-

ficult, even at moderate initial pressures, to obtain detonation-free combustion.

To investigate conditions for detonation-free combustion as well as to gain

experience in working with combustible gases, preliminary tests were made in an

available small combustion chamber prior to completion of the large chamber. The

variables considered were: (i) mixing procedure, (2) mixture proportion,

(3) ignitor and the associated ignition energy, (4) flame-path length, and

(5) initial pressure. For most of the tests these variables were applied to

helium-diluted mixtures. However, a few tests were made in the small chamber in

which hydrogen was used as the diluent in place of helium.

Information obtained from the tests conducted in the small chamber was used

to guide tests made in the large chamber upon its completion. The description of

the large chamber as well as the experience obtained therefrom is presented in a

separate section entitled Large Chamber Tests.

SMALL CHA_v_ER TESTS

Tests and Equipment

The parameters considered in these tests were investigated in the small

combustion chamber shown in figure i. This chamber was a steel tube of

1-1/2 inches inside diameter and 15-1/4 inches inside length. Pressures were

measured by two piston-type strain gages mounted in each end plug as shovm in fig-

ure i. Reference 13 describes these gages. It was not possible with the exist-

ing end plugs to mount the gages so that the piston fits flush with the interior

surface of the plug. Consequently_ each gage had a l-3/4-inch long cavity

between the piston end and the interior surface of the plug. The cavity at the

ignition end had a i/4-inch diameter, the other a I/2-inch diameter. Outputs

from the two strain gages were amplified, displayed on oscilloscopes, and

photographically recorded.

Mixing procedures.- Gases were introduced through a single port at the

ignition end of the chamber (see fig. I). Three loading procedures were used:
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(i) for most of the tests, hydrogen and helium were allowed to mix in a high-
pressure cylinder and, after at least 1-1/2 hours, were added to the oxygen in
the combustion chamber; (2) in a few tests the gases were introduced into the

combustion chamber one at a time, first oxygen, then helium, and finally hydro-

gen; and (3) in a few the order of introduction (2) was reversed. The gases were

introduced in predetermined proportions and the pressure was measured with

bourdon tube test gages. When helium was the diluent, the hydrogen and oxygen

proportions were stoichiometric (i.e., one part oxygen to two parts of hydrogen

by volume). Mixtures ranged from 70-percent helium (1:2:7) I to 88-percent helium

(1:2:22). Gases were at room temperature when added. Time was allowed for tem-

peratures to regain equilibrium following the introduction of each gas. Initial

loading pressures were varied from 300 to 8,000 psi.

Ignition systems.- Basically, four types of ignition sources were tried:

(i) an exploding wire, (2) a heated wire, (3) a Pyrofuse wire which when heated

burns and emits burning particles, and (4) a spark gap. These four types with

variations are presented in the following tabulation with the corresponding

energy components.

Type of i_nitor Energy components

i. Exploding manganin wire, O.O015-inch diameter

a. Single i/2-inch length at end of chamber

b. Multiple i/2-inch lengths connected in

series and spaced axially along length

c. 13-inch length mounted axially

2. 13-inch length heated tungsten wire, O.O05-inch

diameter

3. Chemically reacting wire (Pyrofuse)

a. Single i/4-inch length at end of chamber

b. 13-inch length mounted axially

4. Spark gap, steel electrodes, 0.005- to

O.020-inch spacing

7.5 _f, i/2 to 9.3 kv

7.5 _fj 2 to 4 kv

7.5 _f, 5 to i0 kv

7.5 _f, 3 kv

90-volt battery

7.5 _f, 3 kv

12-volt battery and

ignition coil

No change in performance was observed when_ in a few tests, the manganin wire

diameter was changed to 0.003 inch nor when the capacitance was changed to 15 _f.

(When the 15 _f capacitance was used, the voltage was adjusted to keep the

ignition energy equal to the ignition energy for the 7.5 _f capacitance.) Except

for the batteries, the ignition energy is discharged rapidly (in about 20 micro-

seconds) through the ignitor.

Flame-path length variation.- The flame-path length was varied in one of

three ways: (i) by using a single "point source" ignitor at the ignition end and

by placing steel plugs at one end to shorten the flame-path length from approxi-

mately 13-3/4 inches to 1-1/2 inches in steps of 1-3/4 inches, (2) by using the

i/2-inch wires connected in series and spaced at varying intervals, as desired,

iRatio of oxygen_ hydrogen_ and helium by parts of volume.



or (j) by using a long continuous wire on axis inside the tube to make the path
length equal to the tube radius to obtain the minimumfls_ne-path length of
3/4 inches.

Hydrogen as a diluent replacing heliu_l.- A total of 27 tests were m_de in

which hydrogen replaced heliui_ as the diluent. The mixtures ranged from 78- to

90-percent hydrogen. (It should be noted that the fuel 2 content in these mix-

tures varied from 66 to 30 percent, whereas in the heli_r_-diluted mixtures it

varied only from 30 to 12 percent.) The initial pressures were varied from 500

to i,250 psi. The ignition systems used were either the single !/2-inch-iong

manganin wire exploded (usually at voltages of 1/2 to i kv although voltases as

high as 4 kv were tried) using a capacitance of 7.} zf or a single i/4-inch

length of the chemically reacting wire heated with two 45-volt batteries con-

nected in series. The order of loading the gases was oxygen first, then hydrogen.

Results and Discussion

All of the variables considered had some effect on obtaining consistent

detonation-free combustion and on the associated pressure ratios and burning

times. Table i contains a summary of the tests made. In addition to test con-

ditions_ this table includes the type of burning obtained for most of the test

conditions and indicates on which figure; if any, the data may appear. _e only

tests not included in the table are those made with the spark gap ignito_ and the

reason for this omission is given in the section on ignition.

_ic data recorded were photographic oscilloscope records of the pressure and

time histories of each test and visual observations of the equipment follo_ing

the tests. Also obtained but not included herein were recordings of the sound

of the burning which did not vary significantly with different types of burning.

Classification of burning.- Three classifications were used to identify

different typos of burning: (i) smooth burning or combustion_ (2) rough burning

or onset of detonation_ and (3) detonation. Figure 2 shows pressure records rep-

resentative of the three types of burning that occurred in the small ch_ber.

The smooth curve in figure 2(a) is for the adiabatic combustion process, with a

decay after the peak corresponding to cooling of the burned gas; figure 2(b) is

intei_reted as rough burning or onset of detonation indicated by the discontinuity

in the pressure-time curve; and figures 2(c) and 2(d) are interpreted as deto-

nation. It should be noted that in figure 2(c) only the qualitative appearance

of the trace suggests that detonation occurred since the peak pressure "spihe" is

relatively low. The reason that shock reflections are not visible in figure 2(c)

as they are in figure 2(d) is possibly the difference in sweeping speeds used.

The sweeping speed used to obtain figure 2(d) was _ milliseconds per centimeter

whereas for figure 2(c) it was i00 milliseconds per centimeter_ so that any

reflections would be compressed and thus not distinguishable. Consideration of

the slow sweep speed used for figure 2(c) and the present brightness intensity of

2The word "fuel" as used in this report denotes the reactant _ases_ n_nely_

the stoichiometric proportion of hydrogen and oxygen contained in the mixture.



the trace can explain why the entire pressure spike is not visible. However, for
these tests, results si_:ilar to those exhibited in the last three figures repre-
sent conditions to be avoided.

Effects of var_,_ing the method of ignition.- The method of ignition and the

cne.ud;y i.uvolved will be discussed first since, after a satisfactory ignitor was

found, it was not varied.

%h_e exploding manganin wire was found to be satisfactory when a single

i/2-inch length or a multiple n_m._ber (2 to _) of !/2-inch-iong wires were con-

mooted in series with a voltage ranging from approximately 500 to 3,000 volts.

For one test, when the voltage for a single i/2-incb wire was increased to Li.5 kv,

the burning was identified as combustion but the burning time was _u_duiy long and

pressures were low compc,red to results of other tests with othez_,.-ise comparable
/

condition, s. Some deton_tlons occurred with the single i/2-znch wire and were

attributed to the ,_'iame-p_th length; this will be discussed later. _f_ue"_the

l<_zgth of the e_:ploding wire was increased to i_ inches and mounted axially in

the ckamber_ the burnin_i performance was not satisfactory. It was not possible

to explode this length ct 2 kv, so 5, 7.5_ and i0 kv were tried. Combustion

occurred when 5 and 7.> kv _ere used but the burning t_e, as with the single

i/2-inch wire with 9._ ]:v, was unduly lens and the pressures were io_;. Detona-

tion occurred each of t]_rc,e times when i0 kv were used. Figure 2(c) is a record

from one of these tests. It is likely that a long exploding _,._re would be more

satisfactory in a larger diameter ch_<_oer. For ex_:_ple_ reference 2 reports the

satisfactory use of' six wires 23 feet long exploded simultaneously in a 27-inch-

diameter bore. However, since the single i/2-ineh wire or the multiple i/2-inch

wires :,-ere reliable at voltages rangin_ from 500 to _000 volts, efforts were not

mad< to make the long l,:,_ngthexploding _ir'e workable. Zinc ignitor used for most

of the tests _,_zasthe i/2-iz_ch wire (sin{<le or multiple) but other means of icni-

tio:_ _.;ere tried.

_c perfor_:_ance of a 13-inch-long tungsten wire of 0.O0p-i_och diameter was

satisfactory when heated with 3,000 volts at 7.P ;_f. _is voltage, as determined

from open-air bench tesss, caused the wire to glow brightly along its entire

length a_d yet not explode oz' break. The current discharge through the ignition

wire was very rapid, occuuring in approximately 20 microseconds. This time is

sufficiez_tly short to prevent preheatin(_ of the gases or any appreciable sagging

of the wire prior to iF:_ition of the gases. This ignitor was used oz_ly three

ti::__esbut it produced time and pressure records comparable to those obtaiucd with

the multiple exploding v<ires and was considered to be an adequate ignition system.

Satisfactory results were also obtained with a 13-inch-long chemically

reacting wire when heated with 3,000 volts at 7.P _:f or a sinL<le !/4-inch ler.gth

heated with two 45-volt batteries connected in series. As will be discussed in a

later section_ the former of these ignitors produced faster burning times than

others_ and it was possibl_e to ignite some mixtures at a lower initial pressure

than was possible _,_ith some of the other i_nitors.

Coz_siderable ignitiozz diffic:_ity wL,.s encour_tered with a single spar],: cap

and, ;;hen i_nition was achieved_ it occurred at different times on repeated tests.

:4uch of this difficults_ is believed due to inadequate control of the variables,

such as electrode ii:eom_:trL._, gap spacing, ignition energy, etc., and therefore



these tests are not included in table I. Reference 3 contains a considerable
amount of information on the use of spark gap ignition at low pressures and ref-
erences i and 4 describe the satisfactory use of multiple-spark sources to ignite
mixtures up to loading pressures of 500 psi. At initial pressures up to
2,_00 psi in the present tests, ignition occurred occasionally but with an unpre-
dictable delay time after the electrical energy was applied. It was therefore
feared that multiple-spark gaps at high initial pressures might offer consider-
able difficulty in obtaining simultaneous ignition.

Effects of helium percentage and pressure level.- Since neither of these two

variables can be discussed without referring to the other and since much of the

data is plotted showing both the helium content and the initial pressure, both

will be discussed together. In general, the helium percentage appears to be a

more critical variable than the initial pressure level.

It had been expected that increasing the fuel content and/or initial

pressure would tend to promote detonation, as indicated in references i, 4, 5,

and 6, among others. However, a surprising result of the tests, shown in fig-

ure 5, indicates that detonation may be promoted in some cases by increasing and

in other cases by decreasing the fuel content. This figure shows that for a

flame-path length of 13-3/4 inches, detonation or onset thereof occurred with

mixtures between approximately 75- and 82-percent helium whereas combustion

occurred with richer as well as leaner mixtures at the same and considerably

higher loading pressures. The dashed line indicates a possible boundary of a

critical region where small variations in the helium content influence the type

of burning. Tests made to substantiate the data show good repeatability. Test

conditions outside the critical region resulted in good burning and those inside

resulted in detonation or onset of detonation (except for one test at

77.2-percent helium and 1,500 psia pressure). No effect of increasing the ini-

tial pressure was observed outside the critical region. Tests were not made at

pressures higher than those shown in the critical region because it was assumed

that a further increase would not suppress detonation. The effect of initial

pressure level on detonation pressures is shown in figure 4. These pressure-time

histories are of four tests using a 7S-percent helium mixture. Note the similar-

ity of the pressure traces, except for the pressure peaks, at different initial

pressure levels. As previously discussed the spike tip is not quantitatively

indicative of the actual peak pressures. The original photographs are not shown

because scale factors varied in each case making visual comparison quite
difficult.

The effect of helium content on burning times for initial pressures from

1,000 to _,000 psi and one ignition method is shown in figure 5. The burning

rate_ for tests resulting in adiabatic combustion, increases rapidly with decreas-

ing helium content. The times for initial pressures less than i_000 psi were not

included in this figure because they appeared to depend upon initial pressure.

Above 1,000 psi_ initial pressure showed little or no effect on burning time as

illustrated by the two data points at 1.04 seconds from tests in which the ini-

tial pressures were 4,000 and 3,000 psi and as shown in reference 7 for tests

between 1,000 and 2,000 psi. Figure _ of reference 4 shows that increasing the

initial pressures from 200 to 500 psi increased the burning time for 70- and

80-percent helium mixtures. (Burning times for the few tests made at pressures

less than 1,000 psi are presented in a later figure.)



The effect of hell,an content on ratios of peak pressure to initial pressure
is shownin figure 6 for two flame-path lengths and for initial pressures of
1,000 psi and above. (The flsJne-path-length effect will be discussed in a later
sectio1_.) _e scatter shownis due possibly to incomplete burning in somecases
but is not believed due significantly to varying the initial pressure, as illus-
ted_ for example, by the data points at $2-percent helium with a fl_ne-path length
of 13-3/4 inches; most of these data were obtained at the sameinitial pressure
of 3,000 psi. Decreasing the amount of helium caused an increase of the peak
pressure as expected. The theoretical ratio of peak pressure to initial pressure
was computedfrom perfect gas relationships as found in most thermodynamic text-
books (see, e.g., ref. 14). This theoretical ratio is included in the figure for
comparison purposes. The pressures from which the experimental pressure ratios
were computedwere obtained from the strain gage located in the end plug with the
i/4-inch-dis_aeter cavity (see fig. i). These pressures were consistently higher
than those measured in the end plug with the i/2-inch-dis_aeter cavity by approxi-
mate!y 7 percent regardless of the test conditions. A number of strain gages
were used so it is felt that the difference was not due to individual gages.
Filling the cavities with an inert substance, such as stopcock grease, did not
affect the difference. Although the reason for this observed difference in pres-
sure is not k_own_the higher value at the ignition end was used simply because
pressure measurementswere not always taken at the other end.

Variations of the heli_i content, the initial pressure, and the ignitor had
ameffect involving th< fl_m_=ability of a gas mixture. (Ref. 3, P. 761, shows
the effect of initial ]ressure variation on flamm_ability limits for mixtures of
natural (jas and air. ) Fls_m_ability limits, as such, were not investigated in the
present tests but someresults on fla_iability in heliT_m-diluted mixtures were
Yo_nd which may be of interest to some readers. For exa_aple_ _5-percent helium

mixtures could not be igni%ed with the i/2-inch explodin C wire at 3,000 psi but

were ignitible at 4_000 psi and above; whereas the same mixture was ignitible at

an initial pressure of 2,000 psi with the _jrofuse wire. Table I lists these and

other tests where ignition did not occur. (The nonignition results for helicon

and initial pressures of 300 to _00 psia are not due to flarmnability limits but

to other effects which will be discussed later.)

Effects of varyins the flame-path lenc_tk.- Varying the flame-path length

generally affected detonation residencies, burning times, and peak pressures.

_ese will be discusse[ in the order n_<<ed above.

The effect of the flame-path length on detonation tendencies is shown by the

comparison of figures 5 a_d 7. The first figure shows that in the critical

region already discuss,_d, a 13-J/4-inch flame-path length caused detonation or

its onset at pressures of 1,000 psi or above. However_ when the flame-path

length was reduced to _2 inches or less, combustion occurred in this region as

shown in figure 7.

The effect of varying the flame-path length on burning times for 77- and

$2-percent helium mixtares is shown in figure $. As can be seen from this fig-

ure, the burning time varies systematically with flame-path length for each mix-

ture. (The manner in which the flame-path length was varied did not affect the

results.) The scatter of the 02-percent data is probably caused by slight



deviations in the holing1 percentage affecting the time of burning muchmore in

tile leaner fuel mixtures than in the richer fuel mixtures. This effect is sho_m_

i_ figure 5 by the steep slope of the curve at the leaner fuel mixtures.

As was previously mentioned, the chemically reacting wire (Pyrofuse) pro-

duced much shorter burning times than did the heated tungsten wire. This dif-

ference is believed due to an effect of flame-path length. Although both wires

were of the same length and are mom_ted in a similar manner, the _yrofuse wire

emits sparks radially which may very _el! shorten the actual flame-path length,
and thus the burning time.

As can be seen in figure 6, at the same helium percentages, the longer flame-

path len&%h caused lower peak burning pressures. This is believed due to the

longer time available for heat losses to the chalaber wall for the slower burnin![
mixtures.

Effects of mixing procedure.- When premixed helium and hydrogen _ere added

to oxygen in the combustion chaI_ber, burning was smooth. However, results from

some tests made at io_ initial pressure show that when the gases were introduced

into the combustion chamber one at a time, the order of introduction appeared to

]_e _@ortant. These results are sho_,m in figure 9. When oxygen was introduced

first_ then heliumj and then hydrogen, ignition did not occur with heliux_ mix-

tures from [4 to 7/ percent. _le 73-percent mixture burned but burning times

were unduly long and burning pressures were low even _hen the fly,e-path length

was reduced by means of multiple exploding wires. Five tests with a 70-percent

helimn mixture resulted in detonation each time. When the order of introduction

was changed so that the hydrogen was introduced first, followed by heli'_., and

last by oxygen, the results _,_ere comparable to those obtained with the oriainal

order of mixing adding premixed heliu_ and hydrogen to the oxygen. Figure i0

shows a difference in the burning time for the three mixing orders. Although no

attempt was made to find a reason for this difference, it is interesting to note

that mixing order does affect burning time. (For the two mixin_j orders in which

the gases were introduced one at a time, the flow rate was approximately the
S 8£m.e. )

Effects of using hydrogen as a diluent in place of helium.- The tests

involving hydrogen as a diluent are included in table !. The fl_ne-path length

and mixture proportions were both found to affect the burning of these mixtures

as had been the case for the helitun-diluted mixtures. However, mixture propor-

tions had a greater effect than did the f!s_me-path length. For example_ with a

loading pressure of _00 psi and a fla_le-path length of 13-3/4 inches, combustion

was obtained with an 87.5-percent hydrogen mixture (o_.5-percent diluent mixture

shovm in table I). At the s_e loading pressure, however, the use of hydrogen

mixtures of $i percent or less caused detonation or its onset even for a fl_ne-

path length as short as 1-1/2 inches. _ne records of figure 5, reference 9, show

coH_ustion of a 90-percent hydrogen mixture at an initial loading pressure of

4,000 psi and possibly the onset of detonation (characterized by disturbances

travelling the length of the tube, both during and after combustion) of an

85-percent mixture at an initial loading pressure of 1,000 psi. The closed com-

bustion chamber of reference 9 had a 4-inch diameter and a 43-inch length and

used a single-point exploding wire as the ignition source located at one end of
the chss_ber.



The ratio of peak _0ressureafter combustion to initial loading pressure was
found to increase with decreasing hydrogen content_ and this ratio was also
apparently affected by the flsm_e-path length and the initial loadi:_c pressure
which was varied from 500 to 1,250 psi. _ne pressure ratio increased witk
increasing initial pressure and decreasing fla=le-path leng_th.

The effect on combustion of increasing the voltage applied to a i/2-inch

exploding wire is sho_rm il_ figure ii. These pressure traces were obtained from

tests in which the volt<_ge was varied between 1/2 and 4 kv and in which a

90-percent hydrogen mixture, a loading pressure of 750 psi, and a fism_e-path

length of IS-3/4 inches were used. _lle second trace appearing on each of the

three photographs is a reference trace to depict the initial pressure level. (In

the last photograph_ ho_ever', tke oscilloscope setting had shifted between the

t_m the reference trac_ hal been photographed and the time ignition occurred.)

FiNure ll<a) shows combustion at 1/2 kv, fi<ure ll(b) onset of detonation at 2 kv,

and figure ll(c) detonation at 4 kv. Evidently_ increasing the i&mition energy

was sufficient to cause detonation under conditions where smooth burning could

also be observed. It should be noted, however_ that the pressure records do not

show excessive pressure_ for either of the last two figures.

I_IRGE CHN,DSER TESTS

Tests and Equipment

The tests described in this section were made in the 6-1//4-inch-diameter by

40-foot-long co_foustion chamber mentioned in the Introduction. _is chamber is

the shock-tube driver for a blowdo_a_-t_jpe wind tunnel. The objective of these

tests was to obtain consistent performance of the combustion driver and not_ as

it had been for the small chmnber_ to investigate the effects of individual

variables on combustion.

The combustion ch&saber is shovel schematically in figure 12. Pressure-time

history measurements were made, using two piston-type strain sages and one piezo-

electric gage_ at the locations sho_ in this figure. Gases were introduced by

means of a manifold on the inside of the chamber extending the full length and

containing holes of O.020-inch diameter drilled at 1-foot spacings.

Because of the large size and high fineness ratio of this chamber (_0 com-

pared to !0 for the small chamber)_ it was anticipated that the results from the

small ch_Iber would not be directly applicable to a chamber this much lar_c_'.

Although the experience gained from the smal!-chm_ibe_" tests was used insofar as

possible_ certain changes becssne necessary either from the standpoint of obtain-

ing better combustion results or of obtaining a more efficient operation of the

aerodyna_aic facility of which the combustion chss_ber is a part. These chances

were not always made singly or in a systematic manner. _lerefore, it is not pos-

sible in some instances to draw conclusions as to particular merits of certain

changes. Research testing in the facility test section has not as yet required

the high initial loadi_g pressures originally contemplated for this large clmmfoer.



Combustion has been obtained consistently up to initial pressures of $I_ psia
with burning pressures up to 5_000psia_ but the combustion is not entirely satis-
factory because of pressure oscillations that occur after peak burning pressure
has been reached.

Results and Discussion

Types of burning.- Examples of several kinds of pressure traces from these

tests are sho_a_ in figures 13(a) through (f). The first is representative of

detonation_ the second of onset of detonation_ and the next four of combustion_

with the last one showing the best smooth combustion performance. (The irregular-

ities observed in fig. 13(f) on the trace following burning were due to some

noise signals received on the oscilloscope and were observed visually prior to

the test.) The ignition energy was supplied ii milliseconds after the start of

the trace except in the case of figure 13(f) where the trace started at the same

time the energy was applied to the ignitor. The pressure oscillations shown in

figures 13(c) and 13(d) proved to be the most persistent problem, s These oscil-

lations are believed due to the burning rate not being uniform throughout the

chamber and are believed to be generated by unequal pressure along the length of

the combustion tube at a given instant of time. The result is that the gas moves

from the high-pressure regions to the low-pressure regions and reflects from the

tube ends causing the oscillations or "slosh waves." The shape of the pressure

trace varies from the rather sinusoidal appearance sho_ in figure 13(c) to one

in which the pressure waves sometimes appear to develop to shock strength shortly

after coz_letion of burning as shown in figure 13(d). It is believed that lack

of adequate mixing is largely responsible for the slosh waves.

Other investigators have obtained oscillation-free combustion in oxygen-

hydrogen-heli_u mixtures in chambers with both smaller and larger diameters but

with smaller length-to-diameter ratios. Reference i shows pressure records with

oscillations similar to some observed in this investigation as well as some with-

out any detectable oscillations. Those without oscillations were obtained with

fuel mixtures of 75- and SO-percent helium (stoichiometric proportions of oxygen

and hydrogem) at initial pressures of 300 and _00 psia_ respectively. These

tests were obtained in a chamber with a fineness ratio of 40 and the investi-

gators fo_d that the amplitude of the oscillations increases as the fuel content

is increased. Figure 5 of reference 2 shows a typical record of an oxygen-rich

mixture ($2.3 percent inert _ mixture) ignited at an initial pressure of 750 psia

which does not show oscillations during or after combustion. The combustion

chamber of reference 2 is 24 feet long with a 27-inch-diameter bore (fineness

ratio of 10.7).

SThe sudden drop in pressure occurring in figures 13(c) and 13(f) is due to

the shock-tube diaphragm rupturing. These records were obtained in air-flow runs

of the facility.

_e word "inert" in this report denotes those gases _ich do not react chem-

ically during the burning process. It is assumed that the hydrogen and oxygen in

stoichiometric proportions do react chemically.
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T%evariable most affecting the co_0ustion performance in the large chsm_ber
is believed to be mixing, although the ignition system and mixture proportions
have had someeffect. _hese three variables will be discussed separately.

Mixing methods.- Three different methods have been used in trying to obtain

uniform gas mixtures in the combustion chaslber: (i) introducing each 6_as sepa-

rate!y, (2) introducing the three gases simultaneously, and (3) putting< the gases

into a co,men pressure v,,_ssel equipped with a fan and allowing the gases to 'bix"

before d_umping them into the combustion chazr_ber.

The first method with several variations has been used for the most part.

Initially, the loadin_ manifold was located above the tube axis and the i_ases

were added without reiard to the flow rate of the gas being loaded. With the

manifold in this locatiei, the best order of introducing the ,<ases appeared to be

hydrogen , then hel_im_ a_id c.xyi.]er-last. However, out of 12 tests, S resulted in

detonation_ p resulted in the onset of detonation, and only 4 reskzlted iz_ combus-

tion. AllowinL: the {i:asesto mix in the combustion chmnber prior to i{<nition for

times varyini_ up to four hours did not improve the burnin_ pe±'l'orma:'nce, indicat-

ing -that time alone was not a satisfactory means of obtaininL'] uniform mixi_:s.

When the manifold was lowered to its present position on the bottom of the

chamber as sho<.a_ in figure ].2, the best order seemed to be o_,%"gen first, then

heiimn, and hydroson followed by heli%s_ to clear the lines. However_ consistent

combustion was not achi<_ved until the he3_i_n and the hydz'oiien were added at a

high flow rate which apparently had a mmch i,]reater influence on mixing than did

time. The loading procedure adopted was similar to that reported in reference 4

in that the oxygen was adde6 first, followed by about 50 percent of the heli_:b

then the hydrogen, and last by the remainder of the helimn. No detonation att_'_ib-

uted to mixin_i has sine< occurred; however, the pressure oscillations that occur

after coFbustion are coRsidore'd objectionable. Co_,foustion with alz:_ost no oscil-

lation has recently boe_L obtained by a variation in this loadin_[ procedure. The

loading procedure was chakged in that the amount of heliuz_l added to the oxygen

before introduction of the }%_drocen has beerl reduced considerably. _q_e combus-

tion pressure-time record shov_u_ in figure l_(f) was obtained from a 1:3:$ mixture

in which only 14 percent of the total he!i_ was loaded prior to adding the

hydrogen.

Another variation in loading procedure consists in loading by increments.

The gases are loaded in the same sequence as before but the amounts are reduced

so that the sequence is repeated several times. (The helimm is proportioned so

that it always separates th_ hydrogen and the oxygen in the loading sequence. )

This variation has been as satisfactory as the single sequence loading procedure,

in which 50 percent of the helium,, was added after the oxygen, but requires more

time.

The second method used consists in introducing the three gases simultane-

ously and has been successful in obtaining combustion, but the pressure oscil-

lations observed on the pressure history have varied considerably from test to

test.

The third method - premixing the gases in a separate cham_ber by means of

stirring action from a fan rotating at 1,200 rpm for as loni_ as two hours - has
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been disappointing. No detonations have occurred from its use but pressure
oscillations of rather large _aplitude have still been present.

Ignition systems.- _ree basic ignition systems have been tried in this

chamber: multiple exploding manganin wires, aluminum foil notched to provide

multiple ignition points, and a long heated tungsten wire.

Initially_ the ignition system consisted of twenty-seven i/2-inch lon_;

manganin wires, O.O015-inch diameter, located on the center line, connected elec-

trically in series_ and spaced at approximately l$-inch intervals to provic_e a

_-inch flame-path length. On the basis of results of the small chamber tests, in

which a 12-inch path length was sufficient to prevent detonation at initial load-

ing pressures up to 7,}00 psi, this path length was believed better than ade-

quate to prevent detonation. The wires were exploded using a capacitance of

i_ Bf at i} kv. This ignition system was used in only four tests and resulted in

two detonations, one onset of detonation, and one combustion. This ignition

system was abandoned and the framework necessary to hold the manganin wires was

removed for the following reasons: (I) it might promote detonation by inducing

turbulence (see refs. 8, i0, and ii); (2) its heat sink effect could result in

lower final pressures; and (3) its preparation and installation for each test were

laborious and time consuming. No conclusions can be drawn concerning the rela-

tive merits of the multiple exploding wires because of the methods used to load

gases. For the three tests in which detonation or the onset of detonation

occurred, the gases were introduced by a method later found to be poor; whereas

for the test in which combustion occurred, the gases were loaded by increments.

The second ignition system tried used a strip of aluminum foil (0.0004 inch

thick by i inch wide, mounted on cellophane tape for strength) which has proven

satisfactory at the Naval Ordnance Laboratory (ref. 12). Notches in the foil at

l$-inch intervals along the 40-foot length acted as high resistance ignition

points. Two tests were made in the combustion chamber: In one ignition did not

occur, and in the other onset of detonation occurred. The potential used was

6 kv at 15 bf. (The amount of energy required appeared to be critical since open-

air bench tests showed that for both 0.0004- and O.O0!l-inch foil, sometimes some

but not all of the notches would vaporize.) In the case of the nonignition, it

was believed that over the 40-foot span, the cellophane tape had stretched and

the aluminm_ foil had separated, breaking the continuity. No further tests were

made with this ignition system because it was feared that the 40-foot length of

fragile tape was more than could be handled reliably.

The ignition system next tried_ which is presently beinN used, consists of a

O.OlO-inch-diameter tungsten wire 40 feet long heated with a rapid discharge of

4} _f at ii kv. (The amount of voltage used was selected, as with the small

chsI_ber tests, as that at which in open-air bench tests the wire glowed cherry

red along its entire length without breaking. ) The wire was stretched taut from

the center of the breech plug to a bracket (see fig. 12) at the diaphragm end of

the chamber. _is bracket, at the diaphragm end, was originally mounted above

the diaphragm piercing mechanism (located on the chamber axis) which caused the

wire to be off axis by approximately i inch at this end. It was observed from

the pressure records obtained at both ends of the chamber, that the diaphragm end

always reached peak pressure later than the breech end. It was reasoned that the

longer flame-path length, due to the off-center location of the wire at the
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diaphragm end_ might result in the longer burning time obtained at that end.
Accordinglj_ th_ wire w_s placed on the center !ine_ behind the punch at the dia-

phragm e_d (see fiC. 12)_ sacrificing some leni_th_ and the time to pea} L_ress,_re

at both ends did become a]irlost identical. The magnitude of the press_a_e oscil-

lations was reduced( but r_ot eliminated (see fid. 13(e)). The amount of sa_s

along the 40-foot span is now approximately 3/16 inch_ which still resubmits in a

sli_ilhtij_ nonuniform patil ]_en{ith to the wall.

Gas mixtures.- _e first mixture tested consisted of 7?-percent ke!i<u.u with

oxy{en and hgdrogon in stoichiometric proportions (1:2:11.2N). This particular

mixture was chosen because some data were available from its ,_se in a relatively

largo ehs_m%er (3-inch iRside diameter by 5_ feet in length). (See ref. 6.) Pros-

sure records from five tests using this mixture showed that the burning results

_ere not consistent and it was believed that uniform mixing was not being

achieved. _is belief xas further strengthened in the next test in which an
_iI l /op-percent inert mixture (1:3:10) was loaded into the combustion cha2nber at an

i_<itial pressure of 300 psi a. Information oZtained from the small cha_f0er tests

and from references i and 6 indicato£ a mixture of these proportions and at this

pressure would not even ignite, but detonation did occur (see fig. 13(a)). This

result therefore indicated quite clearly that instead of a uniform _-percent mix-

ture in the ch_:_oer_ the heli_ content varied throughout the ch_._er and the

gases must have teen fu<_! rich enough to ignite in some locations but not in

others_ causing a long flame-path length which resulted in the detonation. Gas

loading procedures and mixture proportions were then changed and consistent com-

bustion has since been _chieved except in four tests which will be discussed

later. _ue chemical formulas for these mixtures are g<iven in the following

tabulation :

Comb us rib Ie mixture Percentage of dilueut

(02 + 2 He) + H2 + N_ + 5 He

(o2 + 2 }{2) + H2 + m_2 + (_ - K)He ,
(02 + 2 He) + O.53 Os + _.67 He

(Os + 2 H2) + Os + _ He

(02 + 2 Ks) + 1.42 0s + 7.56 He

(02 + 2 He) ÷ 2 02 + 7 He

0<K<3.76

7O

75

75
Y5

7)

Combustion was obtained using these mixture proportions; however_ no conclusion

can be made as to the relative merits of these mixtures since insufficient tests

were made. W]_en the combustion ch_-----------------_bez"is used to operate the shock tube_ nitro-

gem is used as an additional diluent to adjust the temperature and speed of sound

to desired values. _e addition of nitrogen had no effect on the pressure
oscillations.

In four tests usinz the 40-foot heated tungsten wire and a 7p-percent inert

gas mixture_ detonation occurred because the tungsten wire was either fouled or

broken. To prevent such detonations a modification has been made which permits

the wire resistance to be measured before and after gas loading as well as _mm_-

diately prior to ignition. Prior to this modification the resistance was

measured before but not after gas loading.



SU_\RY OFRESULTS

Combustion tests of oxygen-hydrogen-helium mixtures were madein a small
combustion ch_aber at loading pressures up to $_000 pounds per square inch and in
a large combustion chamberat loading pressures up to $15 poundsper square inch.

In the small chs,mberadequate mixing depended on the order in which the

t}n'ee gas_:s were introduced. Pressure time-history records indicated that mixing
of the gases was adequate for the following orders of introduction:

a. Hydrogen, helium_ then oxygen.

b. Oxygen and then premixed hydrogen and helium.

In the large chamber the order of introducing gases and particularly the flow

rate thereof was important in promoting mixing.

The ignition sources found to be the most satisfactory in the small combus-

tion chamber were the i/2-inch-long exploding wire, the chemically reacting wire,

and the heated tungsten wire. In the large chamber, the heated tungsten wire was

the most satisfactory ignition source tested.

For the small chamber a critical range of helium diluent precentages was

found in which detonation would occur even at relatively low initial pressures.

This critical range extended from about 75- to 82-percent helium for a fl_ne-path

length of 13-3/4 inches. When the helium content was reduced below about 75 per-

cent or increased above about $2 percent_ detonation did not occur. As the

he!i_mm content was increased_ the final pressure decreased and the combustion
time increased.

Increasing the initial pressure in the small chamber tests increased

detonation tendencies for certain mixture proportions. However_ detonation could

be suppressed at all initial pressures by reducing the flame-path length to

12 inches or less. Increasing the initial pressure beyond i_000 pounds per

sluare inch did not significantly affect the burning time.

l_mes Research Center

National Aeronautics and Space A_linistration

Moffett Field, Calif., May $, 1963
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%ests I

TITLE I.- SMALL CHAMBER TEST CONDITIONS AND RESULTS

Flame-path

length, in.

Percent

diluent

Ignition

voltage,
kv

Initial

pressure,

psia

Results Figure

DILUENT - HELIUM

Mixing order: oxygen, premixed helium and hydrogen

Ignitor - i/2-inch single manganin wire

12

12

lO-l/4
lO-l/4
6-3/ 

87.9-88.0

85.1

85.0-85. L
82.4

82.0-82.1

82.1

81.9-82.1

79.8-80. o

80.0-80. i

78.9-79.0

78.9-79-1

78.1-78.2

77.1-77.2

77.2

76.4

76.1-76.2

75.33

75.25

74-5 -75.2

70.0-70.5

77- 1-77.2

76 .0-76 .i
82.0-82. l

79.0-79. l
82.1

2

9.3
2

i000 - 7o00

3ooo
4ooo - 8ooo

675
3000 & 4ooo

3ooo
4500

2OOO & 25OO

3000

i000 & 1500

1500 & 2000

i000 - 3000

i000 - 3000

z5oo

675

i000 - 3000

i000

675

lOOO -750o
675 - 6ooo

3000 - 75oo
4000 & 5000

3000 - 8o00
3000 - 5000

3ooo

No ignition

No ignition

Combustion

No ignition

Combustion

Combustion

Detonation l

Combustion

Detonation

Combustion

Detonation

Detonation I

Detonation l

Combustion

Combustion

Detonation z

Onset of det.

Combustzon

Combustion

Combustion

Combus t ion

Combustion

Comb us t ion

Combus tzon

Combustzon

3,5,6

3,5,6,8

2(b),3

3,5,6

3

3,5,6

3

3,4

3

3,5,6

3,9,10

3

3

3,9,10

3,5,6

3,5,6,9,1C

7,8

7
2(a),7,8

7

7,8

Ignitor - i/2-inch multiple manganin wires

3/4 - 6
3/4 - 1

3/4
3/4

82.1

77. z-77.2
85.1

85 .l

1-4

3

3
3

3000 & 4500

15oo - 7500

3000
4000

Combustion

Combustion

No ignition

Combustion 6,7

Ignitor - 13-inch manganin wire

3/43/4
82.1

82.1
5 & 7-l/2

10
3OOO

3O00

Combustion

Detonation 2(o)

iIncludes onset of detonation results.
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TABLEI.- SZ_[hLLCH]_tBERTESTCO_YDITi0NSANDRESULTS- Continued

No.

of

tests

Flame-path

length_ in.

Percent

diluent

Ignition

voltage_

kv

Initial

pressure_

psia

Results Figure

DILUENT - KELIU}4

Hixing order: oxygen_ premixed helium and hydrogen

Ignitor 13-inch tungsten wire

3 1 77.2 3 2000 - 3000 Combustion 7,8

Ignitor - 13-inch chemical wire

2 !

s/J 
3/4
3/4

88.0

SS.1

7 Y. '2

74.5-75.1

3
3
3
3

40oo

2O00 - 4o0o

2000

i0oo & 3o0o

No ignition

Combustion

Combustion

Combustion

Pli}:il£: order: oxycen; heliu_n_ and kydrogen

Ignitor - i/2-inch single manganin wire

O I

2 !
,

& I
-- i

p I
,

lS-s/ 
13-3/ 

lSIS/4

79.0

7_. 0

7>.o

73.0

70.0

o.55-1.i

0.55

0.55

0.55

o. 2o-o. 55

3OO a 5OO

300 & 5OO

5OO

3oo g 5oo
300

No ignition

No ignition

No ignition

Combustion

Detonation

9
9
9
>b 10

b !

Ignitor - i/2-inch multiple manganin wires

4 I
o I

, t

3
3.9

3oo & 4oo

3oo

No isnition
Combustion

, L
j

i

Ignitor - 13-inch chemical wire

I 78.8 t 3 300 No ignition

L!IlS-sAis-3/ 

Mixin£< order: hydrosen; heli_u_ and oxygen

Isnitor - !/2-inch single manganin wire

7 P. 0

73.0
70.0

0.55
0.55
0.55

30o

300

3o0

Co1_ustion

Combustion

Combustion

9,10

9,i0

'_ _0



TABLE i.- SMALL CHAMBER TEST CONDITIONS AND RESULTS - Concluded

HO.

Of

tests

Percent

diluent

Ignition

voltage,

kv

Initial

press_re,

psia

Results Figure

DILUENT - HYDROGEN

Mixing order: oxygen, then hydrogen

Ignitor - i/2-inch single manganin wire

i

70.0

7o.o

7o.o

7o.o
67.6
64.0

62.5

46.3-50.5

i/2
2

i/2

i/2
i/2
i

2&l

750

75O

75O
i000 & 1250

5oo

75o
5oo

5OO

Combustion

Onset of det.

Detonation

Combustion

Combustion

Combustion

Combustion

Detonation
I

Ignitor i/4-inch single chemical wire

ll(a

ll(b

ll(c

2

2

1

i

i

i

i

i

i

i

i

i

i

12

8-i/2
s-z/4
S-l/4
s-z/4
1-i/2

1-1/2

i-1/2

70.3

61.9

54.4

43.9

34.9

49.9

55.6
49.9

46.9

43.9

48.4
43.9

37.9

O.09 75O

5OO

5OO

5OO

5oo

5oo

5OO

5oo

5oo

5oo
5OO

5oo

5oo

Combustion

Combustion

Detonation

Detonation

Detonation

Detonation

Onset of det.

Combustion

Detonation

Detonation

Combustion

Onset of det.

Detonation

2(d.

Ignitor - 13-inch chemical wire

3/4 70.3 3 750 Combustion
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Figure 3.- Type of burnin_i obtained at different loading p_'essures over a range of

heliu_ mixtures usin_i a _ingle l/2-inch exploding wire with a fls=ne-path length

of 13-3/4 inches.
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Figure 4.-Pressure versus time histories of four tests_ each of which resulted

in detonation.
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Figure 5.- The effect of helium content on burning times for initial pressures

from 1,000 to 8,000 psi.
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Figure 6.- Experimental pressure ratios for different helium percentage and for

two fl_le-path lengths at initial pressures between i_000 and $,000 psi.
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Figure 7.- Ramge of loa_iing pressures and helitun percenta[<es at which cc_ib_tstion

occurred usimg different fla_rle-path lengths and ignitors.
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Figure I0.- The effect of mixing order on burning times as a function of helgmm

. e_p_,od± _, wire)content (i/2 inch _i .q _ 7 '_ _,.
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(a) Combustion; 1,/'<2kv.

(b) Onset of detonation; 2 kv.

m mm.Y .....

(c) Detonation; 4 kv.

Figure ii.- Effect of varying ignitiom voltage (capacitance of 7.5 microfarads)

on type of burning in oxygen-hydrogen mixtures_ ?O-percent hydrogen; initial

pressure_ 750 psia; i_orizontal scale_ 0.020 sec/div.; vertical scaie_

1,270 psi/div.
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